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Abstract
Functional imaging with intravoxel incoherent motion (IVIM) magnetic resonance imaging
(MRI) is demonstrated. Images were acquired at 3 Tesla using a standard Stejskal-Tanner
diffusion-weighted echo-planar imaging sequence with multiple b-values. Cerebro-spinal
fluid signal, which is highly incoherent, was suppressed with an inversion recovery prepara-
tion pulse. IVIM microvascular perfusion parameters were calculated according to a two-
compartment (vascular and non-vascular) diffusion model. The results obtained in 8 healthy
human volunteers during visual stimulation are presented. The IVIM blood flow related pa-
rameter fD* increased 170% during stimulation in the visual cortex, and 70% in the underly-
ing white matter.
Introduction
Focal brain neural activity increases local perfusion through neurovascular coupling [1]. Vas-
cular-based brain imaging techniques, such as positron emission tomography (PET) [2] and
functional magnetic resonance imaging (fMRI), first with susceptibility-contrast MRI [3] and
currently using the blood oxygenation level-dependent (BOLD) effect [4–6], have provided im-
ages of the “brain in action”, demonstrating patterns of brain activity in relation to behavior or
somatosensory input. BOLD fMRI is based on the variation of the blood water T2/T2
 signal,
which depends on the paramagnetic deoxyhemoglobin content [7, 8]. This method is robust
but faces challenges due to the non-trivial signal dependence on several parameters (cerebral
blood flow, cerebral blood volume, and blood oxygenation) [9–14], while the spatial resolution
is limited due to veins draining the sites of activation [15]. An MRI method capable of measur-
ing variation in microvascular blood flow during neuronal activation, independently of blood
oxygenation, is therefore of interest.
Capillary network reactivity to somatosensory stimulation has been investigated in rats [16,
17], and individual capillary increase in red blood cell velocity and flow has been demonstrated
with two-photon microscopy during the activation of the olfactory bulb [18] and neocortex
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[19]. In humans, microvascular perfusion measurement is possible with intravoxel incoherent
motion (IVIM) magnetic resonance imaging MRI [20, 21]. This method is based on the natural
dependence of the nuclear magnetic resonance (NMR)/MRI signal on nuclei motions [22, 23];
this dependence can be accentuated by the use of pulsed gradients [24]. The vasculature is as-
sumed to be sufficiently dense and random so that blood movements present statistical, diffu-
sive properties, and a pseudo-diffusion coefficient D can be introduced. This coefficient is
calculated using a bi-compartmental (vascular and non-vascular) model [20], with the second
compartment undergoing thermal diffusion D. Further perfusion parameters can be derived,
namely, the perfusion fraction f, and the flow-related parameter fD, which consists of the
product of f and D [21]. The IVIM method of measuring human brain perfusion has been re-
cently validated, showing dependence on hypercapnia-induced vasodilatation [25].
Diffusion gradients have been used for various purposes in fMRI [26], but usually not for
deriving specifically microvascular perfusion parameters using the IVIM model. An early use
was to modulate the BOLD signal [27] to try to localize it and to increase its spatial resolution
by suppressing the signal from flowing blood [28–31]. Diffusion gradients have also been used
to directly measure changes in the apparent diffusion coefficient (ADC) during fMRI, using a
single-compartment model. At low b-values, functional ADC measurements have shown po-
tential for both increased spatial [32, 33] and temporal resolution [34]. At high b-values, an ef-
fect could also be measured, in the form of a temporary decrease in ADC that has been
measured in the human visual cortex during stimulation [35], and was found to be significantly
faster than the BOLD response [36, 37]. This was interpreted as a direct measure of cell swell-
ing during neural firing, which could represent a more direct and accurate measurement of
neuronal activity than hemodynamic-based contrast. The exact nature of this signal remains
controversial though, as it has been suspected to arise from vascular and susceptibility effects
[38] as well as from partial volume effect with cerebro-spinal fluid (CSF) [39]. Indeed, a de-
crease in CSF volume during brain activation, as well as during hypercapnia, has been observed
with various methods [40–43], and has been suggested as a possible confounding factor in
ADC-fMRI [39]. This effect has also been observed with IVIM during hypercapnia [25].
In this paper, we investigated the feasibility of measuring variation of local microvascular
brain perfusion parameters f, D, and fD in human volunteers during visual stimulation, as
derived from the bi-compartmental IVIM model, using a diffusion-weighted inversion-recov-
ery sequence to suppress the possibly confounding CSF movements.
Material and Methods
Subjects
This study was approved by the local ethics committee at the University Hospital in Lausanne
(Commission cantonale (VD) d’éthique de la recherche sur l’être humain). Informed written
consent was obtained from all participants. Imaging was performed on 8 healthy subjects with-
out known history of disease (4 men and 4 women, mean age 25), all over 18 years of age, from
April 2012 to July 2012. No subject had to be excluded from this study.
Visual Stimulation
An LCD projector equipped with a photographic zoom lens and with a refresh rate of 75 Hz
displayed the stimuli on a translucent screen positioned in the back part of the bore. Subjects
viewed stimuli through a custom-made inclined mirror positioned above their eyes, and had a
field of view of ± 20° horizontally and ± 11° vertically. Subjects were asked to look at a fixation
point in the middle of the screen. Total distance eye to screen was 1 m. Head motion was kept
to a minimum using a vacuum bag.
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Subjects were presented with the following sequence: visual stimulus blocks alternating with
black screen blocks, always starting with the stimulus block. The blocks were 9 min 32 sec each.
The visual stimulus block consisted of a red and black checkerboard (12 squares horizontally
and 9 vertically, each measuring 2.5 cm2 on the screen), blinking with a frequency of 8 Hz
(where “blinking” means that each individual square alternated between being red and being
black).
We acquired an IVIM sequence for each block presented to the subject. 5 (in some cases 3)
IVIM sequences were acquired for each subject. The visual stimulus or the black screen was
started 20 s before the acquisition for equilibrium; so, each IVIM acquisition was 9 min 12
sec long.
Images Acquisitions
Data were acquired on a 3 Tesla MR scanner (Trio, Siemens, Erlangen, Germany) using a 32-
multichannel receiver head coil. For the purpose of localization, the acquisition was started by
a T1-weighted high-resolution (1 mm isotropic) MPRAGE sequence (TR = 2.3 s, TE = 3 ms,
TI = 900 ms, flip angle = 9°, field of view = 256 x 240 mm2, matrix size = 256 x 240, slice thick-
ness = 1.2 mm, Bandwidth 238 Hz/pixel), followed by a standard functional visual experiment,
which consisted of a BOLD sensitive gradient echo EPI sequence (TR = 4 s, TE = 30 ms, flip
angle = 90°, field of view = 192 x 192 mm2, matrix size = 64 x 64, slice thickness = 3 mm,
Bandwidth 2232 Hz/pixel). 60 images were acquired in total, alternating 10 acquisitions during
stimulation and 10 during baseline. Single participant analysis was performed using the Gener-
al Linear Model according to our specific block design experiment. The resulting computed
t-maps were then used to identify the visual cortex, and a single IVIM slice was placed in a
strict transverse plane on the calcarine fissure.
IVIM Imaging Parameters
Data were acquired using a Stejskal-Tanner diffusion-weighted adiabatic inversion-recovery
(TI = 2660 ms) spin echo sequence [24] and echo planar read-out [44]. A long repetition time
of 12 s was applied to ensure complete recovery of each tissue. A single axial brain slice of 7
mm thickness was acquired with an in-plane resolution of 1.2 x 1.2 mm2, using a field of view
of 256 x 256 mm2 and a matrix of 210 x 210. TE was 92 ms. Parallel imaging with an accelera-
tion factor of 2, and 75% partial Fourier encoding in phase direction was applied. Receiver
bandwidth was 1134 Hz/pixel. Fat was suppressed with a frequency selective saturation pulse.
Images were acquired at multiple b-values (0, 10, 20, 40, 80, 110, 140, 170, 200, 300, 400, 500,
600, 700, 800, 900 s/mm2), in 3 orthogonal directions, from which the traces were calculated,
which were then used for model fitting. Images were acquired only once for each b-value and
direction, and only once for b = 0. Eddy current induced spatial distortions were corrected
using the vendor's software.
Region of Interest (ROI) Definition and Segmentation
For quantitative analysis, a visual brain region and a non-visual brain region were obtained by
thresholding the t-maps of the BOLD signal. Those two ROIs were further segmented in gray
(GM) and white matter (WM) with the help of probability maps constructed from a MPRAGE
sequence using the segment function of the SPM framework (http://www.fil.ion.ucl.ac.uk/spm)
for Matlab (Mathworks, Natick, MA, USA). Those maps were registered to the IVIM space
using 3D Slicer (http://www.slicer.org). The segmentation maps were finally corrected manual-
ly on a voxel-by-voxel basis, using a homemade Matlab program. Regions with significant sus-
ceptibility artifacts (petrous bone, frontal sinuses) were excluded. The 4 obtained ROIs (GM
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andWM in the visual and non-visual brain, respectively) are presented in S1 Fig,
supplementary material.
Image Processing and Analysis
We used the double exponential model proposed by le Bihan et al [20]
SðbÞ
S0
¼ f  ebD þ 1 fð Þ  ebD
where S(b) and S0 represent the signal obtained at a given b-value and with no gradient applied,
respectively. Data were ﬁtted in two steps: ﬁrst, the curve was ﬁtted for b> 200 s/mm2 for the
single parameter D, followed by a ﬁt for f and D over all values of b, while keeping D constant,
using the Levenberg-Marquardt algorithm [45] implemented with standard Matlab functions.
The curve ﬁtting in the parametric maps was done on a voxel-by-voxel basis, while for quanti-
tative analysis, it was done after averaging the signal of the ROI for each b-value. The later was
done to avoid choosing an arbitrary cut-off for misﬁtted points, which might inﬂuence
the results.
Parameter Fitting Simulation
The quality of the fitting procedure was evaluated with two simulations, the first assessing the
quality of the fit as a function of signal-to-noise (SNR), and the second, the quality of the fit as
function of f and D under the measured intravoxel SNR of the current experiment.
First simulation: fitting quality as a function of SNR
In the first simulation, an SNR-dependent Gaussian random noise term was added at each b-
value to the ideal signal corresponding to f = 4%, D = 0.710-3 mm2s-1, and D = 1710-3
mm2s-1, after which the fitting was performed. Those numerical values were obtained from
the experimental values of the gray matter at baseline (Table 1; the values were rounded for
simplicity). This was repeated 10’000 times at each SNR ranging from 10 to 400.
Table 1. Quantitative measurement of IVIM parameters in the visual and the non-visual brain.
Gray Matter White Matter p-value Gray—White
Matter
Visual Brain Baseline Stimulation Variation p-value Baseline Stimulation Variation p-value Baseline Stimulation
fD* 0.59 ± 0.32 1.61 ± 0.96 +170% 0.01 0.37 ± 0.11 0.63 ± 0.31 +70% 0.01 0.02 0.005
D* 17.27 ± 10.17 30.50 ± 18.35 +77% 0.048 9.58 ± 4.82 13.40 ± 6.18 +40% 0.0003 0.02 0.01
F 3.55 ± 0.59 5.34 ± 0.81 +50% 0.0001 4.17 ± 0.98 4.69 ± 0.45 +12% 0.08 0.057 0.005
D 0.713 ± 0.017 0.711 ± 0.005 +0% 0.36 0.723 ± 0.019 0.719 ± 0.017 -1% 0.30 0.059 0.09
Non-Visual Brain Baseline Stimulation Variation p-value Baseline Stimulation Variation p-value Baseline Stimulation
fD* 0.70 ± 0.40 0.58 ± 0.15 -17% 0.22 0.57 ± 0.57 0.44 ± 0.28 -23% 0.13 0.12 0.04
D* 16.97 ± 11.29 17.91 ± 9.45 +6% 0.42 15.13 ± 20.81 9.65 ± 4.54 -34% 0.19 0.32 0.03
F 4.67 ± 3.01 3.66 ± 1.27 -21% 0.10 4.54 ± 1.57 4.39 ± 0.82 -3% 0.39 0.41 0.04
D 0.724 ± 0.049 0.739 ± 0.016 +2% 0.20 0.714 ± 0.049 0.713 ± 0.020 +0% 0.46 0.11 0.01
The IVIM perfusion parameters D* [10-3 mm2s-1], fD* [10-3 mm2s-1] and f [%], as well as the diffusion coefﬁcient D [10-3 mm2s-1], obtained in the white
and gray matter of a region of interest in the visual cortex and in the rest of a full axial slice excluding the occipital lobe.
doi:10.1371/journal.pone.0117706.t001
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Second simulation: fitting quality as a function of experimental, b-value-
dependent SNR
The SNR of all baseline images was first measured in the current experimental setting in the
whole parenchyma, excluding regions of obvious artifacts. It was calculated for each voxel as a
function of b as the deviation of the single measurements from their averaged value. The corre-
sponding Gaussian random noise term was then added at each value of b to the ideal signal cor-
responding first to D = 0.710-3 mm2s-1, D = 1710-3 mm2s-1 and f ranging from 0.2% to 20%
in steps of 0.2%, and second to D = 0.710-3 mm2s-1, f = 4%, and D ranging from 0.810-3
mm2s-1 to 3010-3 mm2s-1 in steps of 0.210-3 mm2s-1. The fitting procedure was then per-
formed. At each point, the simulation was repeated 30'000 times.
Conversion to standard perfusion units
IVIM parameters have been converted to standard perfusion units by adapting the formulas
from [21] to the units used in this report:
CBV
ml
100ml
 
¼ lH2O  f  100 ¼ 0:78  f %½ ;
CBF
ml
100ml min
 
¼ 60  6lH2O
L < l >
 f 100  D ¼ 130  fD 103 mm2s1 ;
with the MRI visible water content lH2O ¼ 0:78, the total capillary length L = 2mm, and the
mean capillary segment length< l > ¼ 0:108 mm, as used in [21] and also [46].
Statistical Analysis.
Paired, single-tailed Student’s T-test was performed with Excel (Microsoft, Redmont, Wa,
USA). Statistical significance was set to p< 0.05.
Results
Simulation Results
In the first simulation, the values obtained after fitting converged asymptotically with increas-
ing SNR, reaching the correct value for SNR between 50 and 100 (Fig. 1A). SNR in our experi-
ment was measured to decrease as a function of b (0–900 s/mm2) from 107.4 to 34.2. Including
this in the second simulation, the quality of the fitting procedure of f, D, fD, and D as func-
tion of f and D is shown in Fig. 1 B-C. While the fitting of D was much better than the evalua-
tion of the IVIM perfusion parameters (f, D, fD), the quality was found to be acceptable at
the current experiment values of f (between 0.035 and 0.053) and D (between 9.58 and
30.510-3 mm2/s). Interestingly, fD was found to be more precise than the fit of f and of D in
all three simulations.
IVIM Functional Imaging Experiment
Qualitatively, an increase in flow was observed in the visual cortex on single measurement
parametric flow maps fD during stimulation (Fig. 2, and S2 Fig, supplementary material).
Image quality improved after averaging (pixel-wise, after fitting, S3 Fig, supplementary materi-
al). Subtraction maps showed an increase in fD in the primary visual cortex of all volunteers
(Fig. 3). An increase in perfusion fraction f and pseudo-diffusion coefficient D was also visible
in the visual cortex, while no variation in diffusion coefficient D was noted (S2 Fig, supplemen-
tary material).
Functional Imaging with IVIM
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Quantitatively, a statistically significant increase of all 3 IVIM perfusion parameters f, D,
and fD was observed after stimulation in the GM of the visual cortex (50%, p = 0.0001; 77%,
p = 0.048; and 170%, p = 0.01, respectively) while a less marked but similar effect was also ob-
served in the visual subcortical WM (12%, p = 0.08; 40%, p = 0.0003; and 70%, p = 0.01 respec-
tively) (Table 1). A trend to a slight decrease of around 20% (p> 0.05 for all variables) in all
but one of the IVIM perfusion parameters (Table 1) was observed in the rest of the brain ex-
cluding the occipital region. The results in standard perfusion units CBF (cerebral blood flow)
and CBV (cerebral blood volume) are presented in Table 2.
Fig 2. IVIM flowmaps. (A) In-plane high-resolution (1.2x1.2 mm) maps of the blood flow related IVIM
parameter fD*, in 5 consecutive measurements in a single volunteer. An increase in perfusion in the activated
primary visual cortex is observed during stimulation compared to baseline. Scale of the colorbar: mm2s-1. (B)
Corresponding IVIM subtraction maps and the corresponding BOLD statistical t-map. Scale of the colorbar:
10-3 mm2s-1 (IVIM) and t-value (BOLD).
doi:10.1371/journal.pone.0117706.g002
Fig 1. Fit Simulation. (A) Simulation fitting result (mean (full line) ± standard deviation (area)) compared to ideal result (dashed line) as a function of SNR, for
the perfusion fraction f, the pseudo-diffusion coefficient D*, the flow-related coefficient fD*, and the diffusion coefficient D. For better visualization, the plot of
D was separated from the rest of the plot. The fitting results converge toward the ideal value between SNR 50 and 100. (B-C) Simulation results of the fitting
method (full line) compared to ideal result (dashed line) as a function of the variables f and D*, including experimental noise. Interestingly, in all three
simulations, the standard deviation of the fitting of fD* is generally smaller than the one of f and D*.
doi:10.1371/journal.pone.0117706.g001
Functional Imaging with IVIM
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Discussion
This study demonstrates functional imaging with IVIM MRI in the human
visual cortex, as well as in the underlying white matter
This is of interest, because the method has been shown to be quantitative [25], and of microvas-
cular origin [20], and might therefore be seen as a new tool with the potential of sorting respec-
tive effects of blood flow and blood oxygenation of the currently used BOLD fMRI technique.
The increase of 170% in blood flow is higher than, for example, the 40% increase reported
using ASL and PET [47], though similar changes have also been reported, for example 140%
CBF increase at 10 Hz stimulation for 60 s, using laser Doppler flowmetry in rats [48]. While
the effect was stronger in the cortex, the increase in the WM is noteworthy, because WM
BOLD functional activation has remained controversial. Some authors believe it to be unde-
tectable [49], while studies reporting BOLD signal measurement in WM regions are getting
more numerous [50–53]. Another interesting finding is the observed trend toward a slight de-
crease in the IVIM perfusion parameters in the brain excluding the occipital region, which may
be artifactual, but may also be related to a reduction in the brain’s baseline default mode activity
during specific tasks [54]. Finally, the observed stability of D, using a bmax of 900 s/mm
2, conflicts
with previous reports, though there higher b-values were used, such as bmax = 1443 s/mm
2 [35]
or bmax = 1800 s/mm
2 [36], and needs further investigation.
Fig 3. IVIM flow subtractionmaps.Maps of the difference in blood flow related IVIM parameter fD*, in all volunteers (except the one already shown in
Fig. 2), as obtained by subtracting the averaged flow maps obtained under baseline to the averaged maps obtained under visual stimulation. Scale of the
colorbar: 10-3 mm2s-1. The corresponding BOLD statistical t-map is given below each IVIM subtraction map.
doi:10.1371/journal.pone.0117706.g003
Functional Imaging with IVIM
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Perfusion measurement with IVIM remains an area of active research. In this context, the
measured CBV reported here, ranging at rest from 2.77 ± 0.46 to 3.64 ± 2.34 ml/100 ml, is
slightly lower but consistent with the CBV of 3.8 ± 0.7 ml/100 ml measured with positron emis-
sion tomography [55]. Furthermore, the measured CBF, ranging at rest from 48.1 ± 14.3 to
91.0 ± 75.4 ml/100 ml/min, is of the magnitude order of the generally accepted 50 ml/100 ml/
min [56]. Finally, a statistically significant difference was observed in this report between GM
andWM for most measured fD.
There are various sources of possible inaccuracies of the IVIM perfusion parameters as de-
rived in this study. Interestingly, we found fD to be more precise than the fit of f and of D in
all three simulations, as it seems that the error associated with f and the error associated with
D compensate for each other to some degree. Also, the quality of the fit increased with in-
creased SNR, f, and D for all perfusion parameters. The corollary is that the quality of the fit is
better in regions of increased perfusion (such as the activated regions), which is in the current
case the region of interest. Another possible source of inaccuracy is that the different relaxation
rates of the various compartments under inversion recovery were not taken into account; how-
ever, this allowed us to keep the model simple. Changes in the homogeneity of local magnetic
fields due to changes in concentrations of diamagnetic oxyhemoglobin and paramagnetic
deoxyhemoglobin could have an effect on the diffusion-weighted signal. Furthermore, it is also
well known that T2 of blood is dependent on the oxygenation state of hemoglobin [7], which
critically depends on the integrity of the erythrocytes. Therefore, including the relative changes
of the dependence on oxygenation of T2 of blood in comparison to the brain parenchyma
could improve the accuracy of the IVIM perfusion quantification, but at the cost of increasing
the model’s complexity. We used a Gaussian diffusion model to describe the signal decay be-
tween b = 200 and 900 s/mm2. While more complicated models, such as bi-exponential, or
polynomial/kurtosis models exist that better capture the signal decay at high b-values, this
would have increased the model’s complexity. Further, changes in inflow/outflow effects (of
both CSF and blood) should be considered. The conversion to standard perfusion units CBV
and CBF must be understood as a rough estimate, as it depends on the complex and difficult-
to-retrieve microvascular topology, which varies greatly in various regions of the brain, for ex-
ample between white and gray matter, or even between the various layers of the cortex [57].
The MR-visible water content in human brain might also be higher than the value used here
[58]. Lastly, the acquisition was limited, on purpose, to single-slice acquisition, to keep the ex-
periment as simple as possible and to exclude any possible multi-slice effects on CSF suppres-
sion or blood magnetization, as those components move in the volume in a non-trivial way
and might encounter several inversion pulses during the acquisition.
Table 2. Cerebral blood volume and ﬂow, as derived from the IVIM parameters.
Gray Matter White Matter
Visual Brain Baseline Stimulation Baseline Stimulation
CBF 76.7 ± 41.6 209.3 ± 124.8 48.1 ± 14.3 81.9 ± 40.3
CBV 2.77 ± 0.46 4.16 ± 0.63 3.25 ± 0.76 3.85 ± 0.35
Non-Visual Brain Baseline Stimulation Baseline Stimulation
CBF 91.0 ± 52.0 75.4 ± 19.5 74.1 ± 74.1 57.2 ± 36.4
CBV 3.64 ± 2.34 2.85 ± 0.99 3.54 ± 1.22 3.42 ± 1.22
Cerebral blood volume CBV [ml/100ml] and cerebral blood ﬂow CBF [ml/100ml/min], as calculated from the corresponding IVIM perfusion parameters from
Table 1. Percentage variations and p-values stay the same and are not reproduced.
doi:10.1371/journal.pone.0117706.t002
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In conclusion, IVIM fMRI can be seen as a new tool for quantitative mapping of microvas-
cular perfusion changes during functional brain activation.
Supporting Information
S1 Fig. Gray and white matter segmentation of visual and non-visual brain. (A) Region of
interest of the visual brain, as obtained by thresholding the t-map of the BOLD experiment,
further segmented in gray and white matter, and coregistered to the b0 map of the IVIM se-
quence, and (B) of the non-visual brain, respectively.
(TIF)
S2 Fig. Single measurement IVIM parameter maps. (A) Maps of the perfusion fraction f,
(B) pseudo-diffusion coefficient D, (C) flow related coefficient fD, and (D) diffusion coeffi-
cient D, in all 5 (respectively 3) consecutive measurements for all 8 volunteers, during visual
stimulation and rest (baseline).
(TIF)
S3 Fig. Averaged IVIM flow maps.Maps of the blood flow related IVIM parameter fD, in
8 volunteers, as obtained by averaging the maps obtained under visual stimulation and base-
line. Scale of the colorbar: 10-3 mm2s-1.
(TIF)
Acknowledgments
The authors would like to thanks Eleonora Fornari and Giovanni Battistella.
Author Contributions
Conceived and designed the experiments: CF KO RM PH PM. Performed the experiments: CF
PH PM. Analyzed the data: CF AB. Contributed reagents/materials/analysis tools: CF KO AB.
Wrote the paper: CF KO RM PH PM.
References
1. Roy CS, Sherrington CS (1890) On the Regulation of the Blood-supply of the Brain. J Physiol 11(1–2):
85–158 17. PMID: 16991922
2. Petersen SE, Fox PT, Posner MI, Mintun M, Raichle ME (1988) Positron emission tomographic studies
of the cortical anatomy of single-word processing. Nature 331(6157): 585–9. PMID: 3277066
3. Belliveau JW, Kennedy DN Jr., McKinstry RC, Buchbinder BR, Weisskoff RM, et al. (1991) Functional
mapping of the human visual cortex by magnetic resonance imaging. Science 254(5032): 716–9.
PMID: 1948051
4. Bandettini PA, Wong EC, Hinks RS, Tikofsky RS, Hyde JS (1992) Time course EPI of human brain
function during task activation. Magn Reson Med 25(2): 390–7. PMID: 1614324
5. Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, et al (1992) Dynamic magnetic res-
onance imaging of human brain activity during primary sensory stimulation. Proc Natl Acad Sci U S A
89(12): 5675–9. PMID: 1608978
6. Ogawa S, Tank DW, Menon R, Ellermann JM, Kim SG, et al. (1992) Intrinsic signal changes accompa-
nying sensory stimulation: functional brain mapping with magnetic resonance imaging. Proc Natl Acad
Sci U S A 89(13): 5951–5. PMID: 1631079
7. Thulborn KR, Waterton JC, Matthews PM, Radda GK (1982) Oxygenation dependence of the trans-
verse relaxation time of water protons in whole blood at high field. Biochim Biophys Acta 714(2): 265–
70. PMID: 6275909
8. Pauling L, Coryell CD (1936) The Magnetic Properties and Structure of Hemoglobin, Oxyhemoglobin
and Carbonmonoxyhemoglobin. Proc Natl Acad Sci U S A 22(4): 210–6. PMID: 16577697
9. Buxton RB, Wong EC, Frank LR (1998) Dynamics of blood flow and oxygenation changes during brain
activation: the balloon model. Magn Reson Med 39(6): 855–64. PMID: 9621908
Functional Imaging with IVIM
PLOSONE | DOI:10.1371/journal.pone.0117706 February 3, 2015 9 / 11
10. Buxton RB, Uludag K, Dubowitz DJ, Liu TT (2004) Modeling the hemodynamic response to brain acti-
vation. Neuroimage 23 Suppl 1: 220–33. PMID: 15501093
11. Malonek D, Dirnagl U, Lindauer U, Yamada K, Kanno I, et al. (1997) Vascular imprints of neuronal activ-
ity: relationships between the dynamics of cortical blood flow, oxygenation, and volume changes follow-
ing sensory stimulation. Proc Natl Acad Sci U S A 94(26): 14826–31. PMID: 9405698
12. Sirotin YB, Das A (2009) Anticipatory haemodynamic signals in sensory cortex not predicted by local
neuronal activity. Nature 457(7228): 475–9. doi: 10.1038/nature07664 PMID: 19158795
13. van Zijl PC, Eleff SM, Ulatowski JA, Oja JM, Uluğ AM, et al (1998) Quantitative assessment of blood
flow, blood volume and blood oxygenation effects in functional magnetic resonance imaging. Nature
medicine 4(2): 159–67. PMID: 9461188
14. Liang CL, Ances BM, Perthen JE, Moradi F, Liau J, et al. (2013) Luminance contrast of a visual stimulus
modulates the BOLD response more than the cerebral blood flow response in the human brain. Neuro-
image 64: 104–11. doi: 10.1016/j.neuroimage.2012.08.077 PMID: 22963855
15. Turner R (2002) Howmuch cortex can a vein drain? Downstream dilution of activation-related cerebral
blood oxygenation changes. Neuroimage 16(4): 1062–7. PMID: 12202093
16. Lindauer U, Villringer A, Dirnagl U (1993) Characterization of CBF response to somatosensory stimula-
tion: model and influence of anesthetics. Am J Physiol 264: H1223–8. PMID: 8476099
17. Cox SB, Woolsey TA, Rovainen CM (1993) Localized dynamic changes in cortical blood flow with whis-
ker stimulation corresponds to matched vascular and neuronal architecture of rat barrels. J Cereb
Blood FlowMetab 13(6): 899–913. PMID: 8408316
18. Chaigneau E, OheimM, Audinat E, Charpak S (2003) Two-photon imaging of capillary blood flow in ol-
factory bulb glomeruli. Proc Natl Acad Sci U S A 100(22): 13081–6. PMID: 14569029
19. Kleinfeld D, Mitra PP, Helmchen F, DenkW (1998) Fluctuations and stimulus-induced changes in
blood flow observed in individual capillaries in layers 2 through 4 of rat neocortex. Proc Natl Acad Sci U
S A 95(26): 15741–6. PMID: 9861040
20. Le Bihan D, Breton E, Lallemand D, Aubin ML, Vignaud J, et al. (1988) Separation of diffusion and per-
fusion in intravoxel incoherent motion MR imaging. Radiology 168(2): 497–505. PMID: 3393671
21. Le Bihan D, Turner R (1992) The capillary network: a link between IVIM and classical perfusion. Magn
Reson Med 27(1): 171–8. PMID: 1435202
22. Carr HY, Purcell EM (1954) Effects of diffusion on free precession in nuclear magnetic resonance ex-
periments. Phys Rev 94: 630.
23. Hahn EL (1950) Spin Echoes. Phys Rev 80: 580–94.
24. Stejskal EO, Tanner JE (1965) Spin Diffusion Measurements: Spin Echoes in the Presence of a Time-
Dependent Field Gradient. J Chem Phys 42(1): 288–92.
25. Federau C, Maeder P, O'Brien K, Browaeys P, Meuli R,et al. (2012) Quantitative measurement of brain
perfusion with intravoxel incoherent motion MR imaging. Radiology 265(3): 874–81. doi: 10.1148/
radiol.12120584 PMID: 23074258
26. Le Bihan D (2012) Diffusion, confusion and functional MRI. Neuroimage 62(2): 1131–1136. doi: 10.
1016/j.neuroimage.2011.09.058 PMID: 21985905
27. Song AW (2012) Diffusion modulation of the fMRI signal: early investigations on the origin of the BOLD
signal. Neuroimage 62(2): 949–52. doi: 10.1016/j.neuroimage.2012.01.001 PMID: 22245348
28. Boxerman JL, Bandettini PA, Kwong KK, Baker JR, Davis TL, et al. (1995) The intravascular contribu-
tion to fMRI signal change: Monte Carlo modeling and diffusion-weighted studies in vivo. Magn Reson
Med 34(1): 4–10. PMID: 7674897
29. Song AW,Wong EC, Tan SG, Hyde JS (1996) Diffusion weighted fMRI at 1.5 T. Magn Reson Med 35
(2): 155–8. PMID: 8622577
30. Lee SP, Silva AC, Ugurbil K, Kim SG (1999) Diffusion-weighted spin-echo fMRI at 9.4 T: microvascular/
tissue contribution to BOLD signal changes. Magn Reson Med 42(5): 919–28. PMID: 10542351
31. Michelich CR, Song AW, Macfall JR (2006) Dependence of gradient-echo and spin-echo BOLD fMRI at
4 T on diffusion weighting. NMR Biomed 19(5): 566–72. PMID: 16598695
32. Song AW, Harshbarger T, Li T, Kim KH, Ugurbil K, et al. (2003) Functional activation using apparent dif-
fusion coefficient-dependent contrast allows better spatial localization to the neuronal activity: evidence
using diffusion tensor imaging and fiber tracking. Neuroimage 20(2): 955–61. PMID: 14568465
33. Song AW,Woldorff MG, Gangstead S, Mangun GR, McCarthy G (2002) Enhanced spatial localization
of neuronal activation using simultaneous apparent-diffusion-coefficient and blood-oxygenation func-
tional magnetic resonance imaging. Neuroimage 17(2): 742–50. PMID: 12377149
34. Gangstead SL, Song AW (2002) On the timing characteristics of the apparent diffusion coefficient con-
trast in fMRI. Magn Reson Med 48(2): 385–8. PMID: 12210948
Functional Imaging with IVIM
PLOSONE | DOI:10.1371/journal.pone.0117706 February 3, 2015 10 / 11
35. Darquie A, Poline JB, Poupon C, Saint-Jalmes H, Le Bihan D (2001) Transient decrease in water diffu-
sion observed in human occipital cortex during visual stimulation. Proc Natl Acad Sci U S A 98(16):
9391–5. PMID: 11459931
36. Le Bihan D, Urayama S, Aso T, Hanakawa T, FukuyamaH (2006) Direct and fast detection of neuronal acti-
vation in the human brain with diffusion MRI. Proc Natl Acad Sci U S A 103(21): 8263–8. PMID: 16702549
37. Aso T, Urayama SI, Fukuyama H, Le Bihan D (2012) Comparison of diffusion-weighted fMRI and
BOLD fMRI responses in a verbal working memory task. Neuroimage 67C: 25–32.
38. Miller KL, Bulte DP, Devlin H, Robson MD, Wise RG, et al. (2007) Evidence for a vascular contribution
to diffusion FMRI at high b value. Proc Natl Acad Sci U S A 104(52): 20967–72. PMID: 18093924
39. Jin T, Kim SG (2008) Functional changes of apparent diffusion coefficient during visual stimulation in-
vestigated by diffusion-weighted gradient-echo fMRI. Neuroimage 41(3): 801–12. doi: 10.1016/j.
neuroimage.2008.03.014 PMID: 18450483
40. Donahue MJ, Lu H, Jones CK, Edden RA, Pekar JJ, et al. 2006 Theoretical and experimental investiga-
tion of the VASO contrast mechanism. Magn Reson Med 56(6): 1261–73. PMID: 17075857
41. Jin T, Kim SG (2010) Change of the cerebrospinal fluid volume during brain activation investigated by T
(1rho)-weighted fMRI. Neuroimage 51(4): 1378–83. doi: 10.1016/j.neuroimage.2010.03.047 PMID:
20338251
42. Piechnik SK, Evans J, Bary LH, Wise RG, Jezzard P (2009) Functional changes in CSF volume esti-
mated using measurement of water T2 relaxation. Magn Reson Med 61(3): 579–86. doi: 10.1002/mrm.
21897 PMID: 19132756
43. Scouten A, Constable RT (2008) VASO-based calculations of CBV change: accounting for the dynamic
CSF volume. Magn Reson Med 59(2): 308–15. doi: 10.1002/mrm.21427 PMID: 18228581
44. Turner R, Le Bihan D, Maier J, Vavrek R, Hedges LK, et al. (1990) Echo-planar imaging of intravoxel in-
coherent motion. Radiology 177(2): 407–14. PMID: 2217777
45. Seber GA, Wild CJ (2003) Nonlinear Regression. Hoboken, NJ: Wiley-Interscience PMID: 25057689
46. Wirestam R, Borg M, Brockstedt S, Lindgren A, Holtas S, et al. (2001) Perfusion-related parameters in
intravoxel incoherent motion MR imaging compared with CBV and CBFmeasured by dynamic suscep-
tibility-contrast MR technique. Acta Radiol 42(2): 123–8. PMID: 11281143
47. Feng CM, Narayana S, Lancaster JL, Jerabek PA, Arnow TL, et al. (2004) CBF changes during brain
activation: fMRI vs. PET. Neuroimage 22: 443–446. PMID: 15110037
48. Mathiesen C, Caesar K, Akgoren N, Lauritzen M (1998) Modification of activity-dependent increases of
cerebral blood flow by excitatory synaptic activity and spikes in rat cerebellar cortex. J Physiol 512(2):
555–566. PMID: 9763643
49. Logothetis NK, Wandell BA (2004) Interpreting the BOLD signal. Annu Rev Physiol 66: 735–69. PMID:
14977420
50. Yarkoni T, Barch DM, Gray JR, Conturo TE, Braver TS (2009) BOLD correlates of trial-by-trial reaction
time variability in gray and white matter: a multi-study fMRI analysis. PLoS One 4(1): e4257. doi: 10.
1371/journal.pone.0004257 PMID: 19165335
51. McWhinney SR, Mazerolle EL, Gawryluk JR, Beyea SD, D'Arcy RC (2012) Comparing gray and white
matter fMRI activation using asymmetric spin echo spiral. J Neurosci Methods 209(2): 351–6. doi: 10.
1016/j.jneumeth.2012.06.014 PMID: 22743803
52. Mazerolle EL, Beyea SD, Gawryluk JR, Brewer KD, Bowen CV, et al. (2010) Confirming white matter
fMRI activation in the corpus callosum: co-localization with DTI tractography. Neuroimage 50(2): 616–
21. doi: 10.1016/j.neuroimage.2009.12.102 PMID: 20053383
53. D'Arcy RC, Hamilton A, Jarmasz M, Sullivan S, Stroink G (2006) Exploratory data analysis reveals
visuovisual interhemispheric transfer in functional magnetic resonance imaging. Magn Reson Med 55
(4): 952–8. PMID: 16506159
54. Raichle ME, MacLeod AM, Snyder AZ, PowersWJ, Gusnard DA, et al. (2001) A default mode of brain
function. Proc Natl Acad Sci U S A 98(2): 676–82. PMID: 11209064
55. Ito H, Kanno I, Fukuda H. (2005) Human cerebral circulation: positron emission tomography studies.
Ann Nucl Med 19(2): 65–74. PMID: 15909484
56. Lassen NA (1985) Normal average value of cerebral blood flow in younger adults is 50 ml/100 g/min. J
Cereb Blood Flow Metab 5(3): 347–9. PMID: 4030914
57. Weber B, Keller AL, Reichold J, Logothetis NK (2008) The microvascular system of the striate and
extrastriate visual cortex of the macaque. Cereb Cortex 18(10): 2318–30. doi: 10.1093/cercor/bhm259
PMID: 18222935
58. Christiansen P, Toft PB, Gideon P, Danielsen ER, Ring P, et al. (1994) MR-visible water content in
human brain: a proton MRS study. Magn Reson Imaging 12(8): 1237–44. PMID: 7854029
Functional Imaging with IVIM
PLOSONE | DOI:10.1371/journal.pone.0117706 February 3, 2015 11 / 11
